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We adopt the vector-meson-dominance approach to investigate Q 2 -evolution of iV7?-transition 
form factors (N denotes nucleon and R an excited resonance) in the first and second resonance re- 
gions. The developed model is based upon conventional 7iVii-mteraction Lagrangians, introducing 
three form factors for spin-3/2 resonances and two form factors for spin-1/2 nucleon excitations. 
Lagrangian form factors are expressed as dispersionlike expansions with four or five poles corre- 
sponding to the lowest excitations of the mesons p(770) and oj(782). Correct high-Q 2 form factor 
behavior predicted by perturbative QCD is due to phenomenological logarithmic renormalization of 
electromagnetic coupling constants and linear superconvergence relations between the parameters 
of the meson spectrum. The model is found to be in good agreement with all the experimental data 
on Q 2 -dependence of the transitions iVA(1232), AW(1440), NN (1520), AW(1535). We present fit 
results and model predictions for high-energy experiments proposed by JLab. Besides, we make 
special emphasis on the transition to perturbative domain of iVA(1232) form factors. 

PACS numbers: 13.40.Gp, 12.40. Vv, 14.20.Dh, 14.20.Gk 



I. INTRODUCTION 



Substantial experimental efforts have been made in re- 
cent years to measure Q 2 -dependence of baryon transi- 
tion form factors via resonant inelastic eTV-scattering. 
In particular, the data on the transitions 7VA(1232), 
AW(1440), NN (1520), NN(1535) were obtained up to 
squared momentum transfer Q 2 = 6 GeV 2 in exclusive 
experiments carried out in such facilities as JLab, MIT- 
Bate^ MAMI and others EL SJUl 0JE 0, B S El El 
PLBl EI EE El El 0MM1I2] (see also review 
[23j|h Although there is a total absence of exclusive data 
above Q 2 = 6 GeV 2 , a large body of inclusive measure- 
ments by SLAC is available for the resonance A(1232) 
(up to almost 10 GeV 2 ) and 7V(1535) (up to 21 GeV 2 ) 
(see HH, review (25[ and references therein). Besides, 
new high-Q 2 exclusive measurements are proposed by 
JLab [26] . This study of pion and 77-meson electropro- 
duction is supposed to provide a source of information 
about Q 2 -behavior of the A(1232) and iV(1535) multi- 
pole moments up to Q 2 — 14 GeV 2 . Also, there is a 
discussion motivating possible experiments dealing with 
resonance excitation in the reaction ttN — > e + e~N [27| 
that is a crossed channel of pion electroproduction. All 
these experimental prospects as well as recent numer- 
ous high-precision measurements call for careful theoret- 
ical examination and interpretation of the data available. 
Our work is an example of this effort. 
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A starting point of such an interpretation is the par- 
tial wave analysis (PWA) of both non-polarized and po- 
larized exclusive data, which provide Q 2 -dependence of 
three helicity amplitudes A 1 / 2 (Q 2 ), A 3 / 2 (Q 2 ), S 1 / 2 (Q 2 ) 
for spin-3/2 resonances and two amplitudes A 1 / 2 (Q 2 ), 
S\/2{Q 2 ) for spin-1/2 baryons (PWA is not possible 
for inclusive processes. Only the transverse amplitude 
At = (^3/2 + ^i/2) 1 ^ 2 can ^ e extracted from inclusive 
data.) Detailed discussions of amplitude-extraction tech- 
niques and their model dependence is given in the reviews 

Helicity amplitudes encode information about the 
space structure of nucleon excitations and physical na- 
ture of baryon transition form factors. The underlying 
fundamental theory of Ai?-transitions is quantum chro- 
modynamics (QCD). In the non-perturbative domain, 
however, ab initio QCD calculations are not currently 
feasible, because of their extreme complexity. Even nu- 
meric calculations [H[3l[3lj] utilizing lattice-QCD tech- 
niques are hindered by computer power available now. 
The best presentday lattice calculations are obtained for 
pion mass above 0.3 GeV and, consequently, disagree 
with accelerator measurements. To reconcile them with 
experiment, one requires additional phenomenological 
suppositions about extrapolation to the physical masses 
[2a , [32l ]. In the perturbative domain, QCD (pQCD) 
calculations provide important and reliable predictions 
about asymptotic (high-Q 2 ) behavior of resonance form 
factors (25[ , still there is not clear indication of the on- 
set of hard scattering processes in the existing experi- 
mental data base (except for the inclusive data on the 
7VA r (1535)-transition [H). 

Since QCD itself is currently not able to provide a com- 
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prehensive treatment of resonant helicity amplitudes, a 
lot of phcnomcnological models have emerged. Some of 
the most prominent approaches are: quark shell models 
such as chiral bag model (33j and numerous constituent 
quark models (single quark transition model |34j ] , hyper- 
central model [351 ] . model with two-body exchange cur- 
rents |36l| and so forth); soliton models (Skyrmion models 
[37L |38||. linear cr-model [39|, [4(1 Sl| , chiral chromodielec- 
tric model [4TI l4lll . chiral quark-soliton model [12]); alge- 
braic approach 
reviews [28l [4 



;eneralized parton distributions (see 
4^)S3])j chiral effective field theories 
|48l |49|. The majority of these models are in quantita- 
tive agreement with the experimental data points just at 
small Q 2 < 1.5 GeV 2 . 

In this paper our main objective is to demonstrate 
that effective-field theory incorporating vector-meson- 
dominance (VMD) effects can reproduce Q 2 -evolution of 
resonant helicity amplitudes in both perturbative and 
non-perturbative domains. So far VMD models have 
been successfully applied to address the same problem 
of Q 2 -evolution mostly in elastic eTV-scattering [5(3, [EH, 

tion 



54 l55l . |56[ ]. the lowest-resonance electroproduc- 



571 l58j ] , and deeply virtual Compton scattering [5£ 



All the versions of the VMD model contain several am- 
biguities: 

1. The choice of the vector-meson spectrum. The 
majority of the models take into account only 
the lightest vector mesons p(770), cj(782), ^(1020) 
[13, EE HMJpl, HI, H3] and seldom p(1450) (HEU, 
w(1420) [EffTOnly the model includes all the 
vector mesons reported by experimentalists before 
its publication. 

2. The choice of the interaction Lagrangian. The 
problem of the interaction-Lagrangian symmetries 
becomes important in the description of high-spin 
resonances. First of all, most Lagrangians cur- 
rently in use could break free-field subsidiary con- 
straints reducing nonphysical degrees of freedom of 
the Rarita-Schwinger field [6l[, which result in dif- 
ferent pathologies, e.g., excitation of superluminal 
modes [62[. This could be avoided in the theory 
with additional symmetries such as gauge invari- 
ance of the resonance field (63| . 

3. The way to impose high-Q 2 behavior predicted by 
pQCD on Lagrangian form factors. In the mod- 
els involving only ground-state vector mesons and 
their first excitations, agreement with pQCD is 
due to artificial suppression of meson-spectrum pa- 
rameters by power corrections [5(| HH, HU, [H, 0, 
[55I . [56j . Obviously, such a suppression of photon- 
meson couplings disagrees with quantum field the- 
ory, since parameters of vector- meson spectrum can 
be renormalized by only slight logarithmic func- 
tions. Another way to fulfill asymptotic pQCD- 
constraints is by linear superconvergence relations 
between meson parameters [64| . 



4. The way to treat logarithmic corrections. Loga- 
rithmic dependencies in form factors are an es- 
sential feature of the model. They are necessary 
to incorporate logarithmic corrections to pQCD- 
asymptotes, though not calculated directly yet. 

5. Inclusion of continuum contributions. An infinite 
number of virtual intermediate multihadron states 
give rise to continuum contributions to form fac- 
tors. Most VMD models include only the 27r-cut 
associated with the lightest isovector intermediary 
state [H, [H, HH ■ Also some models take into ac- 
count KK and pir continua |65l) or 37r-continuum 
and effective inelastic cuts [60| . 

In this paper we build up a VMD model satisfying 
asymptotic constraints predicted by pQCD (that's why, 
we refer to it as "QCD-inspired"). In the perturbative 
domain, QCD expects resonant helicity amplitudes to 
have power-logarithmic asymptotes and fall faster than 
the dipole (ground-state- meson) model predicts. We pre- 
fer to impose correct asymptotic behavior on form factors 
by superconvergence relations in the manner of the paper 
[6fJ, rather than by invoking unphysical power suppres- 
sion. As we show in Sec. IIII1 this requires the model to 
include at least four vector mesons. Nevertheless, this 
does not lead to a dramatic increase in the number of 
free parameters. For example, in the simplest four-meson 
model, vector-meson spectrum comprises only one inde- 
pendent parameter, and even this model is in accord with 
the data at all Q 2 with high accuracy (except for the res- 
onance A(1440), whose peculiar structure can be repro- 
duced in the model with at least five mesons). Our VMD 
model differs, however, from that of Ref. [601, because 
the significant feature of our calculation is phcnomcno- 
logical logarithmic renormalization of the parameters of 
the vector-meson spectrum. Logarithmic renormaliza- 
tion is essential to comply with both power and logarith- 
mic pQCD-behavior, which we discuss in Sec. Ill C 21 An- 
other difference of this work from Ref. [6fJ is that we ne- 
glect continuum contributions to transition form factors, 
since this simplest (tree-level) parametrization is found 
to describe satisfactorily all the experimental data. The 
following discussion is constrained to the calculation of 
the vector transition form factors for the first four low- 
lying baryon resonances. Application of the model to 
description of the nucleon axial and elastic form factors 
is the topic of our further publications [66| . 

In this paper we make use of the traditional Lagrangian 
(Eqs. (fTJ), ©) of the 7*iVi?-interaction for spin-3/2 reso- 
nances (see, e.g., [671.1681]). This coupling excites low-spin 
background of the Rarita-Schwinger spin-vector field. 
But, despite this mathematical inconsistency, it is inten- 
sively utilized in helicity-amplitude extraction [2j, [68j as 
well as theoretical studies of Q 2 -evolution of form fac- 
tors [l^, [69[. In the following, we confine ourselves to 
working with only this inconsistent but popular interac- 
tion, since it enables us to demonstrate the validity of 
VMD approach in physics of transition form factors at 
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the entire range of Q 2 . We are going, however, to discuss 
alternative couplings in our further publication [70| . 

The remainder of this paper proceeds as follows. Sec- 
tionlnlconiprises Lagrangians and corresponding to them 
cross-section formulas. Also we present a detailed discus- 
sion of how to bring an effective-field-theory model into 
accordance with pQCD-predictions. The next Sec. IIIII 
lays out our VMD model, including superconvergence re- 
lations and logarithmic renormalization. Section [IV] con- 
tains fits, model predictions, and discussion of these re- 
sults with the emphasis on the transition to pQCD regime 
of the 7VA(1232) form factors. Finally, Sec. [V] is a sum- 
mary of our main conclusions as well as possible areas of 
extension of the model and improvement to it. The tech- 
nical details of our calculations, concerning the choice of 
helicity-amplitude signs, can be found in the appendix. 



II. PHENOMENOLOGICAL MODEL OF 
BARYON ELECTROPRODUCTION 

In this rather long section we write down conventional 
7-/Vi?-vertexes and define resonant helicity amplitudes by 
their relations to observables, i.e., differential cross sec- 
tions. Starting from these formulas, it is quite easy to 
compute relations between phenomenological-model form 
factors, comprised in the 7 TV i?- vertexes ^ and and 
helicity amplitudes (or any other quantities traditionally 
used to describe resonant eTV-scattering). However, an 
important step in the calculations is the choice of am- 
plitude phases, which is discussed in the appendix. It 
should be stressed that the choice of amplitude phases 
could strongly influence the quality of fits to experimen- 
tal data. Besides, to determine amplitude phases is not 
a straightforward task if one uses simple factorized cross- 
section formulas, not involving amplitude interference, as 
it is, e.g., in Ref. [6!| and this paper (see the appendix). 

Also in this section we extract Lagrangian form factors 
from the experimental data on helicity amplitudes and 
discuss their asymptotic behavior. 



A. Matrix elements and vertex operators 

To discuss the underlying physics of the nucleon-to- 
resonance transition form factors, it seems reasonable to 
combine the results and approaches of quantum chromo- 
dynamics and effective-field-theory (EFT) models. More- 
over, this synthesis is mathematically inescapable. As 
quark confinement is an essential feature of QCD, any 
amplitude of physical process presented by a functional 
integral over the space of the quark and the gluon fields 
can be equally expressed as the integral over hadron de- 
grees of freedom [71]. This problem, however, is too com- 
plicated to be applied directly in the nonperturbativc do- 
main of QCD. In such a situation it is EFT that exposes 
limitations of the vertexes of effective hadron interac- 
tions — the objects of QCD calculations. For example, 



EFT provides the matrix elements for the electroproduc- 
tion of spin-3/2 baryon resonances: 

M(j*N -» R) = (R\u R (p')T^ x (q,p,p')x 

x(q»e X (q)-q X e»(q))u N (p)\N), (1) 

where q = p' — p is the 4-momentum transfer; 
u r(p')i u n{p) are the resonance vector-spinor and 
the nucleon spinor; e v (q) is the photon polarization; 
r \i»\{<],P,p') is the vertex operator, which is antisymmet- 
ric on the last two indices. To write the matrix element 
for the transition N — > spin- 1/2 resonance, one should 
just omit the Lorentz index (i in Eq. (TTJ): 

Af( 7 *iV -» R) ={R\u R {p')T vX {q,p,p')x 

x(q»e X (q)-q X e»(q))u N (p)\N). (2) 

The next important step to build up an EFT model 
of baryon electroproduction is to decompose vertexes 
^nu\(q,P,p'), F„\(q,p,p') in terms of the particular spin- 
tensor basis. The scalar coefficients of this expansion are 
form factors, their number being equal to the number of 
basic elements. We note that the basis should be pos- 
tulated in both QCD and EFT. In QCD the decompo- 
sition made in terms of quark correlators yields directly 
form factors in the domain of perturbative QCD [72J . In 
EFT form factors can be evaluated by means of either 
the dispersion relation approach or VMD model. The 
linking idea of these two methods — QCD and EFT — 
is quark-hadron duality, i.e., the form factor asymptotes 
calculated in both pQCD and EFT must be the same. 

To understand the physical origin of electromagnetic 
form factors, one should address two aspects of the prob- 
lem. First of all, the reliable physical arguments fix- 
ing mathematical structure of the vertexes T ^ v \{q,p 1 p') 1 
T v \(q,p,p') should be discussed. In the phenomenology 
of spin-vector resonance electroproduction the following 
vertex is often in use [4ft, : 



C 3 (q 2 



M. 



N 



C 4 (g 2 ) v , C 5 ( g 2 ) 



M 2 



-p 



M 2 

N 



P a )lR, (3) 



where Cs(g 2 ), C^q 2 ), C$(q 2 ) are phenomenological form 
factors in the notation of Ref. 69]; 7^ = 75 for R = 
A(1232) and 7^ = 1 for R = 2V*(152Q). From this point 
on, we label form factors in such a manner to unify the 
notation of the non-spin-flip and spin-flip amplitudes: 

C 3 (Q 2 ) = F^Q 2 ), C 4 (Q 2 ) = F 2 (Q 2 ), 

C 5 (Q 2 ) = F 3 (Q 2 ) 

(this notation is similar to that of the elastic Dirac 
F^Q 2 ) and Pauli F 2 {Q 2 ) form factors). 

The theory of the J = 1/2 resonance electroproduction 
is based upon the vertex [69|, [73| 



/A (q) = 

1 ( Gtjq 2 ) 

2 I M 2 



{l v q\ - l\qu) - 



G2(q 2 
M 



1R, (4) 
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where a vX = \{lvl\ ~ 7a7^); 1R = 75 for R = iV(1535) 
and lR = 1 for R = A^(1440); Gi(Q 2 ), G 2 (Q 2 ) are, re- 
spectively, the non-spin- flip and spin- flip form factors; 
M = M/v is the normalization factor (there is another 
convention M = Mr + Mm [69( but, in our opinion, it 
is inconvenient especially when the baryons are off the 
mass shell). 

It should be noted that there are two kinds of in- 
dependent functions in any definition of the vertex op- 
erator. The functions of the first kind are multiplicative 
factors fixed by the structure of the vertex itself. The sec- 
ond kind is form factors F a (Q 2 ), G a {Q 2 ). If one treats 
form factors as just phenomenological objects, Eqs. 
and (T5|) define the general model since three arbitrary 
functions Fi(Q 2 ), F 2 (Q 2 ), F 3 (Q 2 ) are used to describe 
three observables A 1 / 2 (Q 2 ) 1 A 3 / 2 (Q 2 ), S 1 / 2 (Q 2 ) and two 
functions Gi(Q 2 ), G 2 (Q 2 ) are used to describe two am- 
plitudes Ai/ 2 (Q 2 ), Si/ 2 {Q 2 ). But to evaluate form fac- 
tors in the framework of any particular dynamics model, 
care must be taken in choosing the first kind functions de- 
pendent on kinematic variables. However, in this paper 
we deal with only conventional models defined by Eqs. 
Q and (J4j) and skip the discussion of their mathematical 
structure. 

The second aspect of the physical origin of form factors 
is the modeling the functions F a {Q 2 ), G a (Q 2 ). In this 
paper, to evaluate form factors, we adopt the VMD ap- 
proach. The agreement of this model with quark-hadron 
duality (i.e., pQCD asymptotic behavior) is due to the su- 
perconvergent relations between meson-spectrum param- 
eters and logarithmic renormalization of effective cou- 
pling parameters. 



B. Helicity amplitudes and cross sections 
notation 



section of the on-shell resonance electroproduction is ex- 
pressed in terms of these amplitudes as follows: 



^(eN -> eR) &M N (M R — M N ) 
dQ2 {^ en) 2 Q 2 {s-M 2 N ) 2 {l-e) 



L N> 

2\S 1/2 (Q 2 )\ 2 e( S ,Q 2 ) + \A T m\' 



(5) 



where 



s is, 



f + 2Q 2 (M 2 R + M 2 N ) + (M| - M 2 N ) 2 ^ ~ 
2[(8-M%)(a-M%)-aQ*\ 



is the virtual photon polarization parameter; 



\S 1/2 (Q 2 )\ = \S 1/2 (Q 2 )\ 



1 



(Q 2 + M 2 -M 2 N ) 2 



AM 2 N Q 2 



-1/2 



is the amplitude for the absorption of a longitudinally 
polarized photon in the normalization that we use from 
now on. The transverse helicity amplitude is At(Q 2 ) = 
Ai/ 2 (Q 2 ) for spin-1/2 resonances and 



\A T (Q 2 )\ 2 = \A 1/2 (Q 2 )\ 2 + \A 3/2 (Q 2 )\ 2 



(6) 



for spin-3/2 resonances. The squared magnitudes of the 
helicity amplitudes and the cross sections for the absorp- 
tion of transverse and longitudinal photons are equal up 
to a numeric factor. 



The pairs of Eqs. U), © and ©, |@J| allow to com- 
pute photoabsorption amplitudes. The differential cross 



The simplest but approximate cross section of the off- 
shell electroproduction is 



d 2<J , *t \ aM N (W 2 ~M 2 ) 

„ 7r[eN — > eR — > eN + mesons) = tt, tt^tt , ?ttt 

dQ 2 dW 2K ' 2Q 2 {s- M N ) 2 [l-e(s,Q 2 ,W 2 )} 

TT^MrTj 



{2\S 1/2 (Q 2 , W 2 )\ 2 e( Sl Q 2 , W 2 ) + \A T (Q 2 , W 2 )\ 2 } ^ L + « , (7) 



R 

I 



where 



^ 2 - (xXo 



is the squared invariant mass of the final hadron state; 
Mr, Tr are the Breit-Wigner mass and the total width 



of resonance; 
e{s,Q 2 ,W 2 ) = 

Q 4 + 2Q 2 (W 2 



1 



M 2 N ) + (W 2 - M 2 N ) 



2[{ s -M 2 N ){s~W 2 )-sQ 2 



(8) 



In addition to helicity amplitudes for A(1232), we will 
also use magnetic dipole form factor in the Jones-Scadron 
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convention [7 

g* m (Q 2 ) = 

In 



M%{Ml 



M 2 N ) 



2na(M A + M N f 



1/2 



A 1/2 + V3A 



3/2 



[Q 2 + (M A -Mv) 2 ] 1/2 ' 



the ratio -Rem between electric quadrupole and magnetic 
dipole multipoles 



where q is the photon 3-momentum with the modulus 



1/2 



M = 



|q| = Q + Q-/4M, Q ± = Q 2 + (M A ± M N f 
Ma hi the rest frame of the A and M = Mjv in the 
laboratory frame, in which the initial nucleoli is at rest. 
Note that the amplitude 5*1/2 is not a Lorentz scalar in 
the convention utilized by experimentalists [75|. In the 
following we use the lab frame to calculate this quantity. 



2 g e Al/2 ~ ~7t Ai/2 
Rem(Q 2 ) = ~-pS- ~ X ' 



G 



M 



A1/2 + VSA 



.3/2 



and the ratio Rsm of Coulomb quadrupole multipole to 
magnetic dipole one 



Rsm(Q 2 ) 



V2Si 



/2 



2Ma G* m A 1/2 + V3A 



i3/2 



C. Helicity amplitudes and extracted form factors 

1. The P 33 (1232), Di 3 (1520) 

The amplitudes for the electroproduction of spin-3/2 
resonances calculated within the model ([3]) are 



A 3/2 (Q 2 ) = T 



7ra(Q 2 + {M R t Mat) 2 ) 



lV2 r 



Mj^M 2 



M N (M R ±M N )F 1 (Q 2 



(M 



Q 2 )^ 2 (Q 2 ) + ^(M 



f2 
7? 



M^ 



Q 2 )^ 3 (Q 2 



(9) 



A 1/2 (Q 2 



1 

i 



'to(Q 2 + (M k tM n ) 2 ) 



M%{M R 



1/2 



Mv 
M fl 



(Q 2 ± Mv(M R ± Mv))Fi(Q 2 )- 



M 2 R 



M 2 N 



Q 2 )F 2 (Q 2 )-^(M. 



M 2 N 



Q 2 )F 3 (Q 2 



(10) 



S 1/2 (Q 2 ) = S 1/2 (Q 2 ) 



(Q 2 



M 2 R 



M 2 ) 2 ^ 1/2 



4M 2 r Q 2 



± 



7ra(Q 2 + (M fl T M 



A' J 



2M 1/2 



M%{M 2 R -M 2 N ) 



x Q 



^ , ^ ^ , Q' + Ml + M 2 , 



M/viWH WW) 



2M r , 



^(Q 2 ) 



(11) 



In Eqs. (|5|)- ([TT|) the top signs in ± and =F refer to the case of the A(1232), while the bottom ones are for the 
./V(1520). The phases of the amplitudes are chosen under some extra assumptions (see the appendix). The amplitudes 
^3/2(<2 2 , W 2 ), A 1/2 (Q 2 , W 2 ), Si/ 2 (Q 2 , W 2 ) for the off-shell electroproduction can be obtained from Eqs. ©-(HU) by 
the substitution Mr — > W . To extract the form factors from the experimental data on photoabsorption amplitudes, 
one should simply resolve Eqs. (P))- (fl"Tj) with respect to Fi(Q 2 ), F 2 (Q 2 ), F 3 (Q 2 ). The result is 



f^Q 2 ) 



M%(M 2 R - M 2 N ) 



4Q 2 + (MrtM n )< 



1/2 



F 2 (Q 2 



± 



M 5 n (M 2 r 



M 2 N ) 



-,1/2 



4q 2 + (m rT m n ) 2 } 



M R [±A 3/2 (Q 2 ) + V3A 1/2 (Q 2 
M N [Q 2 + {M R ±M N ) 2 } 

2 



(12) 



[Q 2 + (Mr + M N ) 2 ][Q 2 + (Mr - M N ) 2 ] 

[Q 2 + (Mr t M n ) 2 ]A 3/2 (Q 2 ) + M R M N [±A 3/2 (Q 2 ) - V3A 1/2 (Q 2 )] + 
ZM R S 1/2 (Q 2 ) 



Q 



-(Q 2 



M 2 R -M 2 N ) 



(13) 



6 



F 3 (Q 2 ) 



M%{M 2 R 



1/2 



2M R 



ira[Q 2 + (M r tM n ) 2 
< V3A 1/2 (Q 2 ) T A 3/2 (Q 2 )± 



[Q 2 + (Mr + M n ) 2 ][Q 2 
3S 1/2 (Q 2 ) 



(M R - M N f 



2 M R Q 



(Q z - M R + M 



N) 



(14) 



Available experimental data [E 0, i, i, H, @, [H, [H, [ll, 
HSIzil on the 7*7V -> A(1232) transition are depicted 
in Figs. [TJ [2 [3] The extracted Lagrangian form factors 
F a (Q 2 ) are pictured in Fig.|U The Fig.[5]presents the set 
of experimental data on the ^y*N — * iV(1520) amplitudes 
[HlzalzllzlliOl- The form factors extracted from this 
data are in Fig. El The fit of the amplitudes f9])-([Tl"l) 
to the experimental data (the solid and dashed lines in 
all figures) is carried out in the framework of the QCD- 
inspired VMD model (see Sees. IrnllTvT) . 



2. Quark-hadron duality and high-Q form-factor behavior 

The phenomenological model to interpret experimen- 
tal data should obey the general implications of the 
quark-hadron duality. It makes the amplitudes Ai/ 2 (Q 2 ), 
A 3 / 2 (Q 2 ) > S 1 / 2 (Q 2 ) and the form factors F a (Q 2 ) to take 
on some specific properties in accordance with the origin 
of the form factors on both quark and hadron levels. 

At very high momentum transfer, pQCD predicts the 
scaling behavior of the photoabsorption amplitudes to be 
'811 



A 1/2 (Q 2 



CU(l/2) 

S 1/2 (Q 2 ) 



A 3/2 (Q 2 ) 



C 



A(3/2) 



r>4 ' 



(15) 



where Ca{i/2), Cg, CV3/2) are constants or slight loga- 
rithmic functions of Q 2 . This brings up the question of 
whether it is possible to obtain the power asymptotes of 
the form factors from those of the amplitudes (fTS"]) . The 
analysis of Eqs. ©-flTTJ) and ([T2 ]) — ([I3 ]> shows that only 
two form factors of the vertex ([3]) have uniquely deter- 
mined asymptotes but the exponent of the third form 
factor asymptote is bounded below: 



F ' (<2 2 ) - §s> f 2 {Q 2 ) 



Q 6 



C2 
Q 8 ' 



F 3 (Q 2 ) 



C 3 
Q 2 pi 



(16) 



Ps > 4. 



To fit the experimental data, we suppose that F 3 (Q 2 ) ~ 
Q- 8 for Q 2 -> 00. 

In what follows we will exploit the three aspects of 
quark-hadron duality: 

1. In the asymptotic region of Q 2 ^> M R resonance 
electroproduction is described in the framework of 



QCD by only two independent form factors — the 
non-spin-flip F\(Q 2 ) and the spin-flip F 2 (Q 2 ). For 
Q 2 — > 00 the transverse helicity amplitudes are pro- 
portional to different form factors while the ratio of 
their asymptotes is 



A 3/2 (Q 2 ) F 2 (Q 2 ) J_ 
A 1/2 (Q 2 ) ~ *i(Q a ) ~ Q 2 ' 



(17) 



2. The asymptotic constrains must be imposed on the 
form factors so that the asymptotic scaling relation 
Rsm — > const were valid. 

3. The longitudinal Si^iQ 2 ) and transverse A 1 / 2 (Q 2 ) 
amplitudes are proportional to the same form factor 
F 1 (Q 2 ) at high Q 2 . 

The first two statements are due to the baryon helic- 
ity conservation at high Q 2 . The third one arises from 
the fact that the absorption of a longitudinally polarized 
photon is asymptoticly a non-spin-flip interaction. 

Taking all above considerations into account, one can 
easily obtain the asymptotes of the photoabsorption am- 
plitudes ©-(HD: 



A 3/2 (Q 2 ) = ±^NQ 3 F 2 (Q 2 ), 
S 1/2 (Q 2 ) = ±NM N Q 2 F 1 (Q 2 ), 
1 1/2 



(18) 

(19) 
(20) 



where N 



M%{M 2 R -M 2 N )_ 
In Eqs. (|T8|) ~ (f20]) it is assumed that the following in- 



equalities hold for Q — > 00: 



Fi(Q 2 )»^\F2(Q 2 )~F 3 (Q 2 )\ 



2M 



N 



\F 2 (Q 2 ) - F 3 (Q 2 )\ » 



2M N (M R ±M N ) 



Q 2 



Fi{Q 2 )\ 



fi(<9 2 )» 



^F 2 (Q 2 ) 
M N 2W ' 



Q 2 



M R M N 



F 3 {Q 2 ) 



(21) 

The first of the inequalities (f2Tj) is true by virtue of the 
form- factors asymptotes (|16[) , derived from the asymp- 
totic pQCD-predictions (fTS"]) . But the last two of the in- 
equalities (I21|) are valid only with regard to logarithmic 
renormalization. Note that logarithmic renormalization 
is inescapable due to the following reasons. There are at 
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FIG. 1: Helicity amplitudes of the transition 7*iV — » A(1232). The dashed curves correspond to fit Fl with one-parameter 
logarithmic renormalization (13911 . the solid curves to fit F2 with two-parameter renormalization (|40jl . The data points are 
denoted as follows: ♦ [z3l, • ° 0], ■ Q, □ [It, @], ► @], A @], T [jrtj, ★ @|, filled pentagon [|, filled hexagon [7<J. 
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FIG. 2: Ratios -Rem and -Rsm for the A(1232). Fit curves for -Rem are prolonged in the domain of proposed upgraded- JLab 
experiments. Curves and data are the same as in Fig. [1] 
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FIG. 3: A(1232) magnetic form factor G* M normalized by three times the dipole form factor. We use the standard definition 
G D = (l + <2 2 /0-7ir 2 . Fit curves are prolonged in the domain of proposed upgraded- JLab experiments. Curves and data are 
the same as in Fig. [T] 




FIG. 4: Form factors of the model Q extracted from the data on the transition 7*iV — > A(1232). Curves and data are the 
same as in Fig. [1] 



least two chromodynamic quark subprocesses contribut- 
ing to the resonance electroproduction in the asymptotic 
region: (1) a single-quark transition to an excited state; 
(2) 4-momentum exchange between valence quarks. If 
these processes are short-distance and non-spin-flip, the 
amplitude ^4i/2(Q 2 ) is proportional to the third power of 
the strong coupling constant. Granting this considera- 
tion and the asymptotic relation A 1 / 2 (Q 2 ) ~ Q 3 Fi(Q 2 ), 
it is easily seen that the non-spin-flip transition form fac- 
tors obey quark counting rule 



a s (Q 2 ) 



1 



Q2n t ln »i Q2/ A 2> 

1 + n ex = 3, 



where n„ 



n% = n va i - 1 + n ex = 3, (22) 
3 is the number of the valence quarks; 



n ex = 1 is the number of the excited quarks; A ss Aqcd = 
0.215 ± 0.025 GeV is the QCD scale parameter |||. 

Modifying the asymptotes (|16[) with the small parame- 
ter In -1 Q 2 /A 2 <C 1, one readily imposes them to satisfy 
all the inequalities ([2T]) : 



F a {Q 2 ) 



/4M| 
I Q 2 



fa 



ln n « Q 2 /A 2 ' 



(23) 



where pi = 3, p 2 = P3 — 4, n 3 > n\ > «i — 3, f a are 
dimensionless parameters. 

The asymptotic relation among the spin-flip and non- 
spin-flip form factors 



F 2 (Q 2 ) ln"Q 2 /A 2 
Fi(Q 2 ) ~ Q 2 



m - n 2 , 



(24) 
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FIG. 5: Helicity amplitudes of the transition 7*p — > AT(1520). The dashed curves correspond to fit Fl with one-parameter 
logarithmic renormalization (I39II . the solid curves to fit F2 with two-parameter renormalization (|40|l . The data points are 
denoted as follows: ♦ @, • |78|], ■ [13, A [gj|, T @. 
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FIG. 6: Form factors of the model (O extracted from the data on the transition -y*p —> iV(1520). Curves and data are the 
same as in Fig. [5] 



resembles that among the elastic Pauli and Dirac form factor [84( [82j . 

I 

3. The Pn(1440), Sn^S) 

The amplitudes for the electroproduction of spin- 1/2 resonances calculated within the model ((4]) are 



A 1/2 (Q 2 ) = V2 



Tia{Q 2 + {Mr t Mat) 2 ) 



M%{Ml-M%) 



1/2 



[Q 2 Gi(Q 2 ) + M N (M R ± M N ) G 2 (Q 2 )] , 



5i/ 2 (Q 2 ) = S 1/2 (Q 2 ) 

7ra(Q 2 + (M R TM N ) 2 y 
M%{M 2 R ~M 2 N ) _ 



i | (Q 2 + Ml-M\ 

1/2 



2 \2 
N> 



4M2Q2 



-1/2 



[(M R ±M N )G 1 (Q 2 ) - M N G 2 (Q 2 )} Q. 



(25) 



(26) 
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In Eqs. J25|) and ([26]) the top signs correspond to the 7V(1440), while the bottom ones are for the 7V(1535); Gi(Q 2 ) 
is the non-spin-fhp form factor; G 2 (Q 2 ) is the spin-flip form factor. 

The form factors extracted from the experimental data on the helicity amplitudes are 



GAQ 2 



M%(M 2 



R 



AQ 2 



(m r t M N y 
i 



[Q 2 + {Mr ± M 



N 



1/2 



A 1/2 (Q 2 
V2 



Mr ± M N - 2 

T j\ Z\I2\H ) 



(27) 



G 2 (Q 2 ) 



M%(M 2 



M 2 N ) 



na[Q 2 + (Mr t M n ) 2 
1 

: [Q 2 + (Mr ± M N ) 2 } 



1/2 



M R ±M N A 1/2 (Q 2 ) q 



m 



N 



V2 



(28) 



r 



The experimental data on the photoabsorption ampli- 
tudes @, 11, HI, H [lE H3| and the extracted La- 
grangian form factors are pictured in Figs. [9"1 and 1101 for 
the transfer j*p -> 7V(1440) and in Figs. [7| and [8] for the 
7*p -> AT(1535). 

The asymptotic behavior of the helicity amplitudes 
predicted by pQCD are 



A 1/2 (Q 2 ) 



Ca 
r>3 ' 



s 1/2 (Q 2 



(Q4 ' 



(29) 



At high Q 2 the dominant contribution to both the elec- 
tromagnetic amplitudes is to be come from only the non- 
spin- flip interactions. Granting this and substituting (|29j) 
into (|25p . one can easily obtain the asymptotic behavior 
of the first form factor and the limitations on the asymp- 
tote of the second form factor: 



Gi(Q 2 )-^, G 2 (Q 2 )^ 



p 2 > 3. (30) 



Logarithmic renormalization of the form factor G\ (Q 2 ) 
can be carried out with regard to the same quark count- 



ing rule as (|II C 2[) . Besides, it is reasonable to suggest 
the ratio G 2 (Q 2 ) / G\(Q 2 ) at high Q 2 to be the same as in 
the case of spin- vector resonance electroproduction (|24[) . 
In the framework of the two latter considerations, one 
can easily obtain the following form-factor asymptotes 
for spin- 1/2 resonances: 



G a (Q ) 



\ Q 2 



9 a 



Pi = 3, p 2 = 4; 



ln"°QVA 2 ' (31) 
ni > n 2l ni ~ 3. 



D. Electromagnetic coupling constants 

By definition, the electromagnetic constants of the res- 
onances are the amplitudes for the absorption of a real 
transverse photon A 1 / 2 (0), A 3 / 2 (0). It is also possible 
to define model electromagnetic constants, i.e., the La- 
grangian form factors at Q 2 — 0. Some of such parame- 
ters within the models (J3J) and dU) are 



*i(0) = 
F 2 (0) + F 3 (0) 



na(M R - M 2 N ) 



1/2 



Mr 



M n (Mr±M n ) 



(TA 3/2 - V3A 1/2 ) . 



Tra(M 2 - M 2 N ) 
G 2 (0) = 



1/2 



M 2 _ M 2 

m R m N 



na(M 2 R - M 2 N ) 



1/2 



(-M N A 3/2 + M R V3A 1/2 ) , 



-A 1/2 . 



(32) 



y/2M_ 



N 



The form factors and observed values of the amplitudes at Q 2 = [z3] are set out in Table |TJ 



11 




FIG. 7: Helicity amplitudes of the transition 7*iV — > iV(l535). The solid curves correspond to fit Sl-Fl, dashed curves to 
S1-F2, dot-dashed curves to S2-F1, dotted curves to S2-F2 (see Sec. lIVB2|l . The data points are denoted as follows: ♦ [8j|, • 




FIG. 8: Form factors of the model extracted from the data on the transition 7*iV — > 7V(1535). Curves and data are the 
same as in Fig. [7] 



III. FORM FACTORS WITHIN VMD MODEL 

A. Origin of the model 

Vector-meson-dominance models being consistent with 
pQCD-predictions are well known to give a satisfactory 
description of exis ting experimental data on elastic eN- 
scattering [HI, l52l. I53L \EEi l5rj l60l ] . The universal 
physical ground of VMD allows to apply its principles 
to physics of the transition form factors. But the VMD 
models currently in use are suffering the drawback of tak- 
ing into account solely the grou nd-state vector mesons 
,9(770), w(782), 0(1020) HI HI Hi and seldom 



p(1450) [Hill and w(1420) This cut-off of the me- 
son spectrum is usually motivated by the data on decay 
widths T(V — > e~e + ) testifying a photon to hadronize 
dominantly into the above mesons [50j. To join predic- 
tions of such VMD models with pQCD expectations, the 
hadronization amplitudes should be suppressed by power 
and logarithmic functions. 

However, the truncation of the intermediary vector 
mesons spectrum and suppression of the amplitudes by 
artificial means are in conflict with physics of the process 
and beyond the framework of quantum field theory. Ac- 
tually, in the nonperturbative hadronic vacuum a photon 
excites all modes of hadronic string, carrying the quan- 
tum numbers J PC = 1 . Thus, all the vector mesons 
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FIG. 10: Form factors of the model ((4]) extracted from the data on the transition 7*iV — > iV(1440). Curves and data are the 
same as in Fig. O 





TABLE I: 


Electromagnetic coupling 


constants [77l]. 




A h (0), F„(0), G„(0) 


P33 A(1232) 


D 13 iV(1520) 


Pn 7V(1440) 


511^(1535) 


</ 2 (0), GeV" 1 / 2 


-0.135 ±0.006 


-0.024 ±0.009 


-0.065 ± 0.004 


0.090 ± 0.030 


4 P / 2 (0), GeV- 1/2 


-0.25 ±0.008 


0.166 ± 0.005 








2.068 ± 0.079 


2.729 ± 0.271 






F a w (o) + f 3 w (o) 


-1.186 ±0.452 


-1.447 ±0.188 






G<*>(0) 






-0.253 ±0.016 


0.315 ±0.105 


A%(0), GeV" 1 / 2 


0.135 ± 0.006 


-0.059 ± 0.009 


0.040 ±0.010 


-0.046 ± 0.027 


4^(0), GeV~ 1/2 


0.25 ±0.008 


-0.139 ±0.011 








—2.068 =F 0.079 


-0.484 ±0.350 






^(0) + F 3 w (0) 


1.186 ± 0.452 


-0.164 ±0.225 






G<">(0) 






0.156 ±0.039 


-0.161 ± 0.094 
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TABLE II: PDG vector- 


meson masses. 




k 




m( p ) k , GeV 


m^) k , GeV 


m k , GeV 


i 

i 


P{ 1 <u) 


0.7755 


oj(782) 


U. / OZOO 


n 77Q1 


2 


p(1450) 


1.459 


w(1420) 


1.425 


1.442 


3 


p(1700) 


1.720 


w(1650) 


1.670 


1.695 


4 


p(1900) 


1.885 


u{1960) b 


1.960 


1.923 


5 


p(2150) 


2.149 


uj(2U5) b 


2.148 


2.149 


a 


m k = [( m (p)fc + m \ 


-i 1/2 

j fc )/2l is an averaged mass 


used in the 



fits for the second-region resonances (see Sec. IIV Bt , 



''These isosinglet mesons are from "Further states" section. 

(at least the observed ones) should be incorporated in 
the VMD model. Furthermore, the low values of the 
hadronization amplitudes is not an adequate cause to 
disregard of heavy mesons. This is due to the structure 
of the amplitudes for the transition eiV — * eR: 

A v{k) { 1 *N^R)=Y J h*N - R) = 

a 

A( 7 *^V^)x^2A a (V k *N^R), (33) 

a 

where A(j* — > V k ) is the amplitude for the transition of 
a virtual photon to virtual vector meson; A a (V k *N — > R) 
is the amplitude for the absorption of a virtual meson by 
nucleon; the "a" indexes the vertexes of meson-nucleon 
coupling corresponding to independent form factors. In 
the case of high excited resonances, the photoabsorption 
amplitudes A^(j*N — > R) are not necessarily negligi- 



ble since small hadronization amplitudes are multiplied 
by arbitrary large meson-absorption amplitudes. Note 

that it is the set of the amplitudes A^ k {l*N — > R) [not 
A a (V k *N — > R)] that is obtained by the fit to experimen- 
tal data [the meson-absorption amplitudes can be then 
easily calculated if the A^J(-y*N — > R) are known]. 

Light unflavored mesons listed in Particle Data Group 
tables [77J are grouped by near mass degeneracy into five 
singlet-triplet families (see Table ILT| . 

In the general case, </>-mesons are other intermedi- 
aries in eiV-interactions. However, to simplify the VMD 
model, we neglect their contribution to transition form 
factors due to the following reasons. In the case of ideal 
singlet-octet mixing corresponding to the quark content 
4> — ss, these mesons interact only with the strange com- 
ponent of the nucleon which is suppressed with respect 
to nonstrange quark content. The difference between ac- 
tual and ideal mixing is also suppressed by small param- 
eters, and to the first approximation in these parameters 
it is possible not to take into account coupling between 
0-mesons and ud-component of the nucleon. 

So, to the extent that ^-mesons contributions can be 
neglected, the transition form factors are specified by dis- 
persionlike expansions with poles at meson masses. The 
expansion coefficients are the amplitudes A^ k {^*N — > 
R) [in the following we use this designation only for 
R = A(1232), 7V(1520) and B { ^(j*N -► R) for R = 
iV(1440), 7V(1535)]. Having regard for the isotopic sym- 
metry of strong interactions, all the transition form fac- 
tors are given by the sum over isosinglet and isovector 
contributions: 



K 



A(1232), 7V(1520) : 
iV(1440), 7V(1535) 



fe=i 

K 



A^{Q 



°(u)k 



Q 2 + m Uk 



k=l L 



B [ : k \Q 2 ) 



\uj)k 



Q 2 + m U* 



Q 2 + m 2 



( P )k 



\ P )k 



Q 2 + m l) k ] 



(34) 
(35) 



Because of the value of the A(1232) isospin, p-mesons are 
only intermediaries in the iVA-coupling, i.e., A^ k (Q 2 ) = 
0. 

Dispersionlike expansions of the form factors are pre- 
dicted by the foundations of quantum field theory, that 
are taken into account by the dispersion relation ap- 
proach. In the one-meson exchange approximation and 
in the limit of narrow-width mesons, the expansion coef- 
ficients A^2{Q 2 ), B^akiQ 2 ) are constants. But in Eqs. 
(p4|) and (p5"j) they are supposed to be logarithmic func- 
tions of Q 2 . It has been pointed out above in the Sec. 
Ill C 21 that logarithmic renormalization of the form fac- 
tors is demanded by quark-hadron duality. To this must 



be added that the logarithmic renormalization is also im- 
posed by short-distance quark-gluon processes influenc- 
ing the photon transition to mesons inside nucleon, i.e., at 
Q 2 > Rjf = (0.2 GeV) 2 . Logarithmic factors at expan- 
sion coefficients absorb in phenomenological fashion the 
effects of the renormalization of the strong coupling con- 
stant and Q 2 " ev °hition of the parton distribution func- 
tions. 
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Asymptotic behavior of the dispersionlike 
expansions 



The most simple interpolation function retaining the 
asymptotic behavior ([55)) is 



At high Q 2 the form factors (|34|) and |35|) should join 
pQCD-predictions (f2"3")l and (f3"Tj) . This property requires 
the expansion coefficients ^4^,' p ^(<5 2 ), (Q 2 ) to obey 

a number of relations that we refer to from now on as the 
superconvergence relations (SRs). 

Since logarithmic renormalization has a bearing to only 
the QCD effects taking place inside nucleon, it seems 
justified to suppose that logarithmic Q 2 -dependence of 
the form-factor expansion coefficients J^k IS univer- 
sal function L^^(Q 2 ) independent of meson family in- 
dex k = 1,2,..., A" (similarly L^J is Q 2 -dependence of 

the amplitudes B^O U P ^° numer i c factors). Then, the 
isosiglet and isotriplet running electromagnetic coupling 
parameters can be represented in the following form: 



K 



p) 



(0) 



fe=i 

K 



(Q 2 ) 



where 



(36) 



4".p)(o) = fW(o)±fW(o), 

^•p)(0) = GW(0)±GW(0) 



(37) 



are the values of the parameters at Q 2 = 0. The loga- 
rithmic functions Lj{a(Q 2 ) and Lg2(Q 2 ) are known in 
the static and asymptotic limit: 



i, Q 2 -> o, 

C 00 h n. Q 2 /A 2 ; qS^^ 



(38) 



4 y) (Q 2 ) = l + ^ y) In " 



A 2 



(39) 



Another possibility is 



L a v \Q 2 ) = 



1 + 'li'fl+^J + 

,/2 



ife^ln 2 1 + 



A 2 



(40) 



The interpolation function l]40p effectively takes into ac- 
count effects of nonleading pQCD-logarithms. 

The expansion coefficients are proportional to the run- 
ning coupling parameters. The numeric dimensionless 
factors of proportionality are denoted as follows: 



*i v) {Q 2 ) ak 

€ k \Q 2 ) _ h iv)_ 

,(v) 



K 



const, 5^a2? = l, 



' ak 



const, 



k=l 
k=l 



(41) 



1. 



Now the form factors (|34"|) and (|35|) can be expressed 
terms of the parameters introduced above: 



A(1232), A(1520) : 
A(1440), A(1535) : 



G^ n \Q 2 ) 



K 



<i w) (Q 2 )E' 



fe=l 
fe=l 



( w ) 2 

,2 + m 



A' 



(cj)fc 
/) (w) rr) 2 



±4 p) (Q 2 )E' 



fe=i 

K 



l (p)fe 



Q 2 



l (w)fe 



±4 rt (Q 2 )E 



°ak m (p)k 



fc=l 



Q 2 



l ( P )fe 



(42) 
(43) 



where x£ w) (Q 2 ) ee for the A(1232). To assure the cor- sition A -> A(1232) are 

rect asymptotic behavior (|23|) and (|31 [> of the form factors 

(|4"2")l and (|4"3")) , one should expand them in powers of l/Q 2 a — 1 . 

and set the coefficients preceding Q -2 , Q~ 4 (and Q~ 6 in ^ ^ ^ A ' ( ) 2 

the case of F 2 ^, G2) equal to zero. The constraints ob- E a ife = ^' E a ife m (p) fc = ^' 

tained in the fashion^described are the SRs between the k=i ft=i 

meson parameters aPO , b£? . K , x 

Z^ a ife m (p)fe _ U ' 

The set of the SRs between the parameters of the tran- fe=i 
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a = 2,3 : 



fc=i 

K 



k=l 
K 



(45) 



fc=i 



fc=i 



In the case of the transition N — > 7V(1520) the nonvan- 
ishing isosinglet contributions to the form factors lead to 
some more SRs between the parameters of w-mesons: 



a = 1 : 

K K 

,h — 1 r ("'' 
fe=i 



fe=i 



(46) 



fc=i 



a = 2,3 : 

K K 

E a ife = 1 > E °a* m M* = °> 



K 



k=i 

A" 



(47) 



ui) 4 

m, 



k 



= 0, E a ^ m U = ° 



The SRs similar to (|44 p -(|47 p are valid for the parameters 

6^.' p) of the form factors for the N -> 7V(1440) and TV -> 
iV(1535) transitions. 



IV. DATA ANALISIS. DISCUSSION AND 
PREDICTIONS 

A. The A(1232) 

From the point of view of helicity-amplitude fitting, 
the A(1232) resonance offers an important simplification: 
its excitation via electroproduction off nucleon is only by 
photon and p-mesons, which halves the number of disper- 
sionlike expansion coefficients. Besides, the data on the 
A(1232) helicity amplitudes is much more vast and pre- 
cise compared to the data sets on other resonant ampli- 
tudes. All that allows the form factors Fi(Q 2 ), F 2 (Q 2 ), 
F 3 {Q 2 ) to be extracted to a high accuracy. 

In the case of the A(1232), the described VMD model 
gives the following expressions for the form factors 



Fi(Q 2 ) 
F2(Q 2 ) 
F 3 (Q 2 ) 



F 



(exp) 



K 
K 

E 



F 2 (0) 



(p) 2 
a lk m (p)k 

(p) 2 
a 2k m (p)k 



(48) 



J 2 

7 {exp) 
23 



K 



\p)k 

Ap)2 



4 P) (Q 2 ) 



E 



Q 2 



where F 



(exp) 



2.068 ± 0.079, F, 



(exp) 



2-\ 



F 2 (0) + F 3 (0) = 
-1. 186 ± 0.452 — measured electrodynamic parameters; 
l[ p I 3 {Q 2 ) — logarithmic functions satisfying the asymp- 
totes (|55|1. 

The number of the form-factor poles K is bounded 
above by the cut-off of the p-meson spectrum and below 
by the number of the SRs (|44|) and (|45ll . In this simplest 
model K = 4 dealing with only the first four p-mesons 
from Table UH all the parameters a^, a — 2,3 are fixed 



by the four SRs (|4"S"]) and a. 



(p) 

2A- 



Z (P) 
l 3k 



From this point on, 



\ P )k 



we restrict the discussion to the specific case of the model 
with K = 4, in order to reduce the number of free param- 
eters. However, as it was pointed out in Sec. IIIIl there 
are no physical reasons to cut off the meson spectrum 
artificially. In fact, the spectrum should be truncated at 
highly excited vector states with widths exceeding inverse 
hadronization time Ty > T^ 1 ~ 1.2 GeV. Nevertheless, 
the inclusion of all the vector mesons is impossible, for it 
will overparametrize the fit. 



1. Fit results 

In the simplest model with K = 4 incorporating only 
the first four p-mesons, all the parameters a^u are de- 
termined by the four SRs (|4"S")) . Also the parameters 
satisfy three SRs (|44[) that allow one parameter to be 
adjusted freely. Another one independent parameter of 
the model is either F 2 (0) or F 3 (0). Besides, electrody- 
namic parameters -Fl(O), F2(0) + F^O) and the scale A 
can be varied, so that not to go beyond experimental 
errors. Logarithmic renormalization is taken into ac- 
count within the models with the simplest one-parameter 
(f3"9"| and two-parameter (|4"0"]) interpolation functions for 
iii = 3, 7ia = 1, 7*3 = 4. Thereby, the four-pole mod- 
els used to fit experimental data comprise 8 and 11 free 
parameters, respectively, three of which are constrained 
within experimental uncertainties. In the following we 
refer to corresponding fits as Fl (one-parameter inter- 
polation functions) and F2 (two-parameter interpolation 
functions). 

The adjusted parameters are set out in Table [TTT1 The 
corresponding curves are depicted in Figs. Q] [2 [3l [4] in 
comparison with experimental data points collected from 
the papers [J, i 1, i, i i, H M, M l23, M tZl ; the 
curves of the magnetic transition form factor G^Q 2 ) 
and the ratio Rem(Q 2 ) are displayed up to 15 GeV 2 , 
since the high-energy measurements in this region are 
proposed by JLab Hall C collaboration [26| . 

Distinctions between the models with (|39|) and (140]) 
are clearly seen in Figs. [D and 2] displaying the ratios 
i?EM, -Rsm and extracted form factors. The model Fl 
with one-parameter logarithmic renormalization tends to 
underestimate significantly the magnitude of the Mainz 
data 0, H| on Rsm in the quasistatic domain. While the 
nine-parameter fit F2 does not suffer from this flaw, it, 
however, predicts electric quadrupole moment to change 
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sign at 5.5 GeV 2 , which contradicts the highest to date 
JLab data point indicating no sign change up to 6 GeV 2 
fl. 

It should be noted at this point, that any realization 
of VMD model involving logarithmic renormalization re- 
quires putting forward reliable hypothesis about the way 
to introduce logarithmic corrections. In the developed 
framework, such an arbitrary treatment of logarithmic 
interpolation functions originates in part from the suppo- 
sition of the values of the exponents m, n.2, n%. This sup- 
position is necessary only until the proper calculations of 
the helicity amplitude asymptotes including logarithmic 
corrections are carried out. However, only an improving 
experimental data seems to be an ultimate solution to the 
problem that could rule out some interpolation formulas 
and reduce discrepancy between fits making use of the 
rest allowed ones. In this regard, the quasistatic domain 
is as important as proposed high-energy JLab measure- 
ments [26]. For example, the current errors of the he- 
licity amplitude extraction do not exclude two types of 
Q 2 -evolution of the form factors Fi and F$ near the pho- 
ton point: monotonous falloff and the Q 2 -behavior with 
the derivative changing sign. It may be shown that the 
model with K = 4 and logarithmic renormalization (I39p 
is capable of reproducing the first regime only. There- 
fore, the future measurements could prove such a model 
to be inadequate in the limit of large distances. Also the 
experiments at small Q 2 might reveal the sign change of 
the form factors F% and F3. The zero of the form factors 
can be reproduced only in the model with the number of 
p-mesons K 5. 

The values of the longitudinal amplitude at photon 
point 5i /2 (0) are 0.011 GeV -1/2 for the fit Fl and 

0.017 GeV~ 1/2 for the fit F2. 

A good agreement of the four-pole models with exper- 
imental data (x 2 /DOF w 1.6 — 2.0) testifies that physics 
of the transition form factors can be formulated in terms 
of the QCD-inspired VMD model which deals with all ex- 
cited states of the p(770) and involves logarithmic renor- 
malization and SRs between parameters of meson spec- 
trum. It is remarkable that this good fit is possible in 
the model with the minimal number of free parameters. 



2. Problem of the transition to pQCD 

The challenge to observe the onset of asymptotic evo- 
lution of resonant helicity amplitudes is one of the goals 
inspiringexperimentalists to carry out high-Q 2 measure- 
ments [261 ] . However, the transition to perturbative do- 
main is unlikely to manifest itself anyway in the cur- 
rent world data base on VA(1232)-transition form fac- 
tors. This fact is clearly exemplified by recent exclusive 
JLab data on Rem [H and inclusive SLAC data @, [H[ 
on transverse helicity amplitude At- JLab results on 
Rem depicted in Fig. [5] evidence that this ratio remains 
small and negative up to 6 GeV 2 , while the perturba- 
tive asymptote is -Rem — > +1- The inclusive data are 



TABLE III: Fit parameters (spin-3/2 resonances). Depen- 
dent parameters are tabulated in the bottom part of the ta- 
ble (c4*;' P ' are n °t presented, since a 2 fc' p ^ = a 3 p ^ p ^ in the 4-pole 
model). Fl is a fit with logarithmic functions (|39|l : F2 is a fit 
with logarithmic functions (|40[) . 



A(1232) iV(1520) 





Fl 


F2 


Fl 


F2 


x 2 /dof 


1.98 


1.63 


3.33 
2.00" 


3.34 
1.62" 


, r 


-0.512 


-1.240 


0.565 


-0.270 


T-i (v) / r\\ 

F{ p ' (0) 


2.046 


2.052 


2.970 


2.979 


Fi r(o) 


-1.382 


-0.898 


-1.044 


-1.038 


F 2 W (0) +F 3 W (0) 


-1.032 


-0.782 


-1.635 


-1.635 


A 


0.190 


0.190 


0.190 


0.238 


f~i {p,p) 

°i 


0.010 




0.014 




U 2 


0.021 









°3 


0.003 









7 (PiP) 

h\ 




—0.007 




0.006 






0.014 




0.016 


7 ip,p) 




—0.338 







u(p,p) 




0.053 











-0.278 







i,(p>p) 
«, 3 




0.052 







(p,p) 
"11 


1.870 


2.041 


1.564 


1.683 


Ap,p) 
"12 


-2.113 


-3.122 


-0.260 


-0.903 


(p,p) 
"13 


1.756 


3.321 


-0.870 


-0.049 


n (p,p) 
"21 


2.101 


2.101 


2.142 


2.142 


(p,p) 
"22 


-3.586 


-3.586 


-3.410 


-3.410 


(p,p) 

u 23 


4.033 


4.033 


3.146 


3.146 


(P,P) 
u 24 


-1.548 


-1.548 


-0.879 


-0.879 



"This is the value of x 2 /DOF recalculated with data points at 
1 GeV 2 and 1.45 GeV 2 being excluded from the data set. These 
points disagree significantly with others, which is seen in Fig. [5] 



obtained up to almost 10 GeV 2 and exhibit a trend to 
decrease more rapidly than l/Q 3 predicted by pQCD, 
though experimental uncertainties are quite considerable. 
This is readily seen on the right panel of Fig. [TT] that 
shows transverse amplitude normalized by its asymptote. 

The studies of the transition form factors for Q 2 < 
14 GeV 2 proposed by Jefferson Laboratory [26[ seem to 
be of great importance as the meeting ground between 
predictions made by both baryon-meson and quark- 
parton physics, which is a new side of quark-hadron 
duality. It is a well-established fact that asymptotic 
quark-parton description of inclusive deep-inelastic eiV- 
scattering is adequate for Q 2 ^> T~ 2 , where T g — 
(1.2 — 1.5 GeV) -1 is a space-time scale of nonpertur- 
bative quark-gluon fluctuations. However, the transi- 
tion to pQCD in exclusive resonant process eN — > eA 
is shifted to higher momentum transfers, which is clearly 
illustrated by the data depicted in Figs. [TTJ This could 
be explained by qualitative estimates as follows. Energy 
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FIG. 11: Asymptotic behavior of the ratio -Rem and total transverse amplitude At for the A(1232). Curves and data are the 
same as in Fig. [T] 



transfer from electron to quark (parton) AE ~ Q 2 /2M^ 
should be shared equally between all valence quarks par- 
ticipating in exclusive process and all the quark energy- 
exchange subprocesses must be hard. Hence, pQCD is 
the correct description for exclusive reactions in the re- 
gion of Q 2 > 3T~ 2 ~ 4.5 - 7.5 GeV 2 . This does not 
contradict the current experimental data. Moreover, it 
is just the domain where VMD model discussed in this 
paper predicts -Rem to cross zero and rise gradually. It 
could be regarded as a signal of the transition to pQCD 
(see Fig. [TTJ left panel). 

In baryon-meson physics transition form factors can 
be described in the framework of the dispersion relation 
approach or its simplest realization — the QCD-ispired 
VMD model. Form factors represented as dispersionlike 
expansions have correct pQCD asymptotic behavior by 
the construction, but do not approach them in the region 
Q 2 < 10 GeV 2 . Indeed, expanding dispersionlikc form 
factors in inverse powers of Q 2 provides a quantitative 
criterion for the transition to the asymptotic domain: 

Q 2 » A 2 = 



logarithmic renormalization of the type (|39p and (|4"0"|) 
provide A^q = 9.24 GeV 2 and A|^ Q = 9.67 GeV 2 
respectively. However, one is forced to accept the fact 
that these values are affected by the aforementioned in- 
trinsic drawbacks of the model and large experimental er- 
rors, especially, at high momentum transfers. But we be- 
lieve that theoretical refinement of the model and, what 
is likely to be even more important, future high-Q 2 ex- 
clusive experiments followed by extraction of all helicity 
amplitudes would improve the situation substantially. In 
this regard it is worth mentioning that the four-pole mod- 
els are able to reproduce quite different rates of the tran- 
sition to pQCD, which can be proved by adding some 
hypothetic experimental data to the current data base 
and fitting to it. This fact makes us expect that future 
measurements of transition form factors will neither con- 
strain the range of validity of the QCD-inspired VMD 
model nor reduce the overall quality of fit. 



B. The second resonance region 



sup 

a=l,2,3 



K 

£< 

Lfc=l 



ak 1 



2n 

l (p)fc 



/ K 

fc=l 



(49) 



where p\ — 3, P2 — Pz — 4 [see Eq. (|2"3"|) ]. Thereby, the 
scale of the transition to pQCD Ah^q is determined in 
the VMD model by properties of the interactions between 
baryons and vector mesons and, certainly, by the struc- 
ture of the vector-meson spectrum. The quark-hadron 
duality as an agreement of the predictions by pQCD and 
baryon-meson models implies the following relation 



3T; 



A 2 



„ ■ " r -()■ (50) 
The discussed models involving four vector mesons and 



The second resonance region covers the W range be- 
tween approximately 1.4 GeV and 1.6 GeV. It includes 
three isospin 1/2 states iV(1440), iV(1520), AT(1535). 
Though both p- and w-mesons contribute to the excita- 
tion of these baryons, currently there is no measurements 
of neutron helicity amplitudes, except for the photopro- 
duction data [77|. Thus, in the framework developed, 
it is hardly possible to distinguish reliably isovector and 
isoscalar contributions to the form factors. Because of 
this reason, in the following we neglect singlet-triplet 
mass splitting and suppose that p- and w-mesons propa- 
gate in the nucleon medium identically, i.e., Lq' = . 
In such a model, proton transition form factors depend 
on half as many independent parameters as the form fac- 
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tors flU) and (1431): 



AT(1520) 



+ mi 



7V(1440), V(1535) 



(52) 



where = La' = is a logarithmic interpolation 
function of type ([39]) or (gDJ), mf = (m 2 {uj)k + m 2 {p)k )/2 
are vector meson masses averaged for each singlet-triplet 
family from Table HT1 and the expansion parameters a^f 1 

satisfy the same set of the SRs dHJ-gZ]) as a[ p) and 
do. 

In spite of the simplifications described above, the form 
factors (|5~lj) and (fS"2")) are found to provide a good fit of 
the existing data in the second resonance region. 



1. The AT(1520) 

Since the resonance AT(1520) possesses spin 3/2, we use 
the four-pole model (I48|) . Logarithmic renormalization is 
taken into account by means of one-parameter (|39[) and 
two-parameter (|40p interpolation functions (correspond- 
ing fits are denoted Fl and F2, respectively) for n\ = 3, 
712 = 1, U3 = 4. In both cases, logarithmic dependency of 
the spin- flip form- factors F%, F p could be neglected as it 
does not manifest itself in the fit to the data in the exper- 
imentally acceptable domain Q 2 < 4 GeV 2 . Therefore, 
the models used to fit the experimental data comprise 6 
and 7 adjustable parameters: two electrodynamic param- 
eters -Ff(O), F$ (0) +F3 (0) constrained by photoproduc- 
tion data and one parameter Ff (0) varied freely; an ex- 
pansion coefficient a^ } ; QCD-scale A = 0.19-0.24 GeV; 
and one or two parameters of the interpolation func- 

tion4 p) . 

The fit results are presented in Table [TTTI and Figs. 
IH1 The large values of x 2 /DOF is likely to be attributed 
to the discrepant data points [78j in the region between 
Q 2 = 1 GeV 2 and Q 2 = 2 GeV 2 . 

It should be noted that the good fits to the exper- 
imental data on helicity amplitudes of two spin-vector 
states A(1232) and iV(1520) are obtained in the unified 
approach, based on four-pole dispersionlike form-factor 
expansions (gSJ) satisfying SRs (|34 ]) -(|37 ]) . This is an evi- 
dence for validity of the VMD model in physics of high- 
spin nucleon excitations. 



2. The AT(1535) 

The resonances iV(1535) and AT (1440) are spin-1/2 nu- 
cleon excitations. We fit the data by means of four- and 



five-pole models (the corresponding fits are denoted Fl 
and F2, respectively) with two-parameter renormaliza- 
tion PO]) . because the interpolation of the type (|3"9"|) is 
found to be unsatisfactory to reproduce <5 2 -dependcnce 
of the form factors. So, the fit models Fl and F2 intro- 
duce 8 and 10 free parameters: two electrodynamic pa- 
rameters G?i(0) and G^O) (the second one is constrained 
by photoproduction data), five parameters of functions 
L[ p) and L ( 2 p) (QCD scale A is varied between 0.19 GeV 
and 0.24 GeV), one (in the case of four-meson fit Fl) or 
three (in the case of five-meson fit F2) of the expansion 

coefficients 6^. 

The available data points @, 0, [H, [z3, [zl, [zi| are 
divided into two samples fitted separately. The first data 
sample SI is all the data with the analyses [69|, [7!| by 
I. G. Aznauryan et al. being excluded. The second one 
denoted S2 includes the PDG average at photon point 
[77] | , inclusive data from [25[ in the region Q 2 > 5 GeV 2 , 
where exclusive experiments have not yet been carried 
out, and the most recent exclusive JLab data @, [H, [7§|. 
The reason to fit these data samples apart is that analysis 
fullfilled by L. Tiator et al. [7g| predicts slightly more 
rapid falloff of transverse amplitude and more substantial 
rise of longitudinal one than the data points from [6^, [79| 
exhibit (Fig. [7]). In the model based on vertex , this 
contradiction manifests itself in the most obvious way as 
the discrepancy in the extracted data on the form factor 
Gf, depicted in Fig. [H] Nevertheless, the four- and five- 
pole models provide good fits to both data samples. 

The fit parameters are set out in Table IIV1 The cor- 
responding curves are shown in Figs. [7] and [5J It is of 
some interest that the fits to both data samples give the 
value of to be an order of magnitude less than b^fj. 
It could be regarded as evidence that only the first four 
meson families contribute to the form factor G\ of the 
resonance V(1535). 



3. The AT (1440) 

To fit the experimental data on the Roper resonance 
AT(1440), we make use of the same model as that de- 
scribed in the previous subsection IIV B 21 However, un- 
like the form factors of the transition N — * AT(1535), 
both nucleon-to-Roper form factors cross zero in the re- 
gion Q 2 < 0.7 GeV 2 (Fig. [TJJJ). To incorporate this ef- 
fect is only possible in the models involving at least five 
mesons, since the simplest four-pole form factors with 

are predicted by 
to be monotonous 



correct power pQCD-asymptotes 
the model with meson masses from ^ 
and to conserve the sign. 

As in the case of the V(1535), there is some discrep- 
ancy between results of the helicity-amplitude extraction 
made in the framework of the MAID model [78| and JLab 
UIM (zl, For instance, while the analysis (zl, HJ 
indicates that the form factor G?, crosses zero between 



0.4 GeV 2 and 0.65 GeV 2 . 



MAID calculations [z| shift 
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TABLE IV: Fit parameters (spin- 1/2 resonances). Dependent 
parameters are tabulated in the bottom part of the table. SI, 
S2 are data samples introduced in the text. Fl is a four-pole 
fit; F2 is a five-pole fit. 



iV(1535) 7V(1440) 





SI 




S2 




SI 


S2 




Fl 


F2 


Fl 


F2 


F2 


F2 


x 2 /dof 


2.61 


2.45 


0.46 


0.48 


7.91 
3.87 a 


1.69 


, (v) 


0.860 


1.082 


1.964 


2.015 


-2.215 


-2.591 


J (p) 
°1S 




0.048 




-0.060 


-0.322 


-0.632 


J (p) 
fl 




1.064 




0.872 


5.814 


9.402 




0.417 


0.407 


0.179 


0.181 


-0.052 


-0.034 


G 2 W (0) 


0.210 


0.210 


0.210 


0.214 


-0.241 


-0.252 


A 


0.240 


0.240 


0.240 


0.240 


0.240 


0.240 


7 (p) 


-0.001 


0.006 


-0.309 - 


-0.304 


-0.579 


-0.660 


i (p) 


0.009 


0.012 


0.057 


0.054 


0.095 


0.121 




-0.491 - 


-0.528 


-0.492 - 


-0.515 


-0.555 


-0.479 


k (p) 


0.062 


0.070 


0.065 


0.068 


0.082 


0.087 


°n 


1.446 


1.294 


1.005 


1.064 


3.105 


3.667 


°12 


0.384 


1.156 


2.793 


2.545 


-8.254 


-10.93 


°13 


-1.691 - 


-2.580 


-4.762 - 


-4.564 


8.687 


11.49 


°21 


2.142 


2.563 


2.142 


2.487 


4.441 


5.860 


"22 


-3.410 - 


-7.034 


-3.410 - 


-6.380 


-23.21 


-35.43 


"23 


3.146 


9.868 


3.146 


8.655 


39.87 


62.54 


fe (p) 
°24 


-0.879 - 


-5.461 


-0.879 - 


-4.634 


-25.92 


-41.37 



"This is the value of x 2 /DOF recalculated with data points at 
0.525 GeV 2 and 1.45 GeV 2 being excluded from the data sample. 
These points disagree significantly with others from the sample SI, 
which is seen in Fig. [9] 



the sign change to the domain between 0.75 GeV 2 and 
0.9 GeV 2 . That's why we divide the data points into two 
samples and fit to them separately. Both samples include 
PDG averages at photon point [73] and the data from [69| 
for Q 2 > 1.5 GeV 2 , but in the region Q 2 < 1.5 GeV 2 the 
first sample SI takes into account just the analysis [7o|. 
and the second one S2 includes the data from [79|, [8(| ■ 

The adjusted parameters are tabulated in Table IIVI 
The corresponding helicity amplitudes and extracted 
form factors are depicted in Figs. l9l and [TOl 

V. CONCLUSION 

We have investigated NR-ioim factors in the first and 
second resonance regions, utilizing effective-field theory 
with 4-5 explicit vector-meson degrees of freedom. Tran- 
sition form factors in the model comprise 6-10 free pa- 
rameters for each resonance which have been fitted to ex- 
perimental data. All these parameters have clear physical 
meaning (low-energy electromagnetic constants, meson- 
baryon couplings, and phenomenological parameters of 
logarithmic renormalization) . 



This QCD-inspired VMD model is in good agreement 
with the data available on resonant helicity amplitude 
in the first and second resonance regions. This suc- 
cess makes us believe that the model, though being phe- 
nomenological, provides an insight into the Q 2 -evolution 
of nucleon-to-resonance transitions. The basic physical 
ideas of the approach are as follows: 

1. The photon, propagating in the inside-nucleon 
medium, excites all the modes of a hadronic string, 
carrying photon quantum numbers J PC = 1 . 
Thus, all the vector mesons should be, in principle, 
incorporated into the VMD model, which makes 
the form-factors be dispersionlike expansions with 
poles at meson masses. 

2. Short-distance quark- gluon processes contribute to 
the hadronization of a photon into intermediary 
mesons inside nucleon, i.e., at Q 2 > R^ 2 = 
(0.2 GeV) 2 . The VMD model takes into account 
the small-scale dynamics by effective logarithmic 
renormalization of electrodynamic coupling con- 
stants. 

3. The VMD model should be reconciled with pQCD, 
commonly believed to be the ab initio treatment 
of resonant electroproduction at high momentum 
transfers. To attain requisite asymptotic behav- 
ior of the form-factors is possible by imposing lin- 
ear superconvergence relations on the parameters 
of the vector-meson spectrum. Besides, logarith- 
mic renormalization of meson-baryon parameters 
is essential at this point, as it allows to include 
logarithmic corrections to pQCD-asymptotes and 
to make the asymptotes of spin-flip and non-spin- 
flip phenomenological form factors match with their 
counterparts at quark level. 

It should be noted that inclusion of all the vector 
mesons appears to be impossible in the framework of 
the VMD model tested in this paper, as it could over- 
parametrize fit to the data. However, even the simplest 
models with four and five lightest vector mesons, which 
introduce only one and three independent meson-baryon 
coupling, respectively, is found to be in accord with all 
the experimental data analyzed. In our opinion, it sup- 
ports the notion that the aforementioned effects make 
a major contribution to Q 2 -evolution of the nonstrange 
resonance excitation. 

Further work, however, needs to be done to improve 
vector-meson-dominance model of the nucleon transi- 
tion form factors. This improvement should include 
both theoretical refinement and new experiments. From 
the theoretical point of view, it seems to be impor- 
tant to test alternative Lagrangians of nucleon interac- 
tions with high-spin resonances [70l ] and to carry out 
pQCD-calculations of logarithmic corrections to form- 
factor asymptotes. Also, it seems reasonable to extend 
the model to be directly compared with experimental 
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data on eiV-scattering observables, for the extraction 
of helicity amplitudes is known to be model dependent 
Future experiments in both quasistatic and high- 
er 2 regions will provide important information imposing 
constraints on phcnomenological logarithmic renormal- 
ization and, especially, on the contributions of nonleading 
pQCD-logarithms. 

Acknowledgments 

We are grateful to A. V. Beylin and V. I. Kuksa for 
their reading the draft of this paper, useful comments, 
and invaluable criticisms. 

APPENDIX: HELICITY- AMPLITUDE PHASES 

Helicity amplitudes are defined as matrix elements of 
the electromagnetic current operator calculated between 
the initial nucleon and final resonance states. As the 
polarized states of spinor fields always contain arbitrary 
phase, helicity amplitudes are also defined up to phases, 
that cannot be calculated in the extraction based on the 
simple cross section formula ([3]). That's why we put for- 
ward three additional empirical criteria that could fix 
amplitude phases: 

1. electrodynamic parameters should be within a fac- 
tor of ten; 

2. form-factor expansion coefficients should have an 
order of magnitude of 1 or less; 

3. convergence and quality of the fit. 

These criteria are, obviously, "fit-dependent", i.e., 
phases might depend upon specific features of the model, 
such as the choice of logarithmic interpolation functions, 
the meson spectrum, etc. However, we found them to be 
able to fix the phases reliably, at least for the resonances 
A(1232), 2V(1520), iV(1535). 

In the scope of this paper, only the ratios of the phases 
are important and one of the amplitude phases can be 
fixed arbitrarily. We choose the phase of the amplitude 

A/2- 

1. The A(1232) 

In the case of the A(1232), the ratio of the phases of the 
transverse amplitudes is determined by the first criterion. 
Indeed, amplitudes © and (TO]) give F^O) w 2.068, 

F 2 (p) (0) + F 3 (p) (0) fa 1.185. If someone changes the sign of 
the amplitude (|10[) , the values of electrodynamic parame- 
ters change to F^(0) ps 0.069, F 2 (p) (0)+F 3 (p) (0) w 11.62. 



This option does not fulfill the first criterion. Besides, it 
is found impossible to fit the experimental data in the 
four-pole model with such phases, while this model can 
reproduce observed (^-evolution of helicity amplitudes 

©-(HU). 

The sign of the longitudinal amplitude S1/2 is fixed by 
the third criterion, since the four-pole model with the 
sign of the Si /2 opposite to that of (fTTj) crucially under- 
estimates the ratio Rsm predicting it to be of an order of 
0.001 or less for Q 2 > 3 GeV 2 . 



2. The AT(1520) 

For 7V(1520), the first criterion is not effective, since 
all the isovector and isoscalar electromagnetic parameters 
are of the same order of magnitude, regardless of the ratio 
of the transverse amplitudes phases. Therefore, phases 
of the amplitudes (|9"))- (fTTj) are chosen by the quality of 
the fits. All the alternatives to formulas (|9|)-- (fl"Tj) lead to 
a several-fold increase in x 2 /DOF compared to the best 
values, obtained in the model ([9")) - (fTTj) . 



3. The AT(1535) 

The values of x 2 /DOF obtained in the fits with the 
sign of S1/2 being opposite to that of (f2"6"| are 1.2 (Sl- 
Fl), 1.34 (S1-F2), 2.67 (S2-F1), 2.38 (S2-F2). The first 
two values are more than twice as large as those set out 
in Table HVl However, the difference in the quality of 
the fits to the data sample S2 is subtle. Nevertheless, 
these fits converge for some of the form- factor expansion 
coefficients being of an order of 10, which dissatisfies the 
second criterion. 



4. The AT(1440) 

The case of the Roper resonance is more controver- 
sial. The data on helicity amplitudes is quite sparse and 
discrepant, which results in ambiguity of the amplitude 
signs. The Eqs. ([23)) and (|2"6"|) provide a much better 
value of x 2 /DOF in the fit to the data sample S2 than 
the model with the opposite sign of S1/2 does. But, the 
contrary is found in the fits to the data sample SI with 
the points at 0.525 GeV 2 and 1.45 GeV 2 being excluded. 
So, the choice of amplitude signs for the iV(1440) essen- 
tially depends on the particular sample of experimental 
data. We choose the signs which allow the best fit to the 
sample S2, since it includes the most recent results of he- 
licity amplitude extraction [6^, [79|, H(| from the data on 
one and two pion electroproduction. 
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